Superconducting magnets with well coupled low resistance secondary circuits have been observed to become fully normal faster than quench propagation in the coil would permit. This process is referred to as "quench back." Quench back observed at the Lawrence Berkeley Laboratory (LBL) was caused by heating the secondary circuit from the current induced from the primary circuit as normal region in the superconducting coil propagated. This paper develops the theory for thermal quench back in thin solenoid magnets and compares this theory with measurements made in two one-meter diameter superconducting solenoid magnets.
The Lawrence Berkeley Laboratory (LBL) has built and tested superconducting solenoid magnets with closely coupled shorted secondary circuits which are an integral part of the magnet quench protection system. 1 ,2,3 The role of these shorted secondary circuits as part of the quench protection system is as follows: 1) Current is shifted from the superconducting circuit to the secondary circuit inductively which reduces the hot spot temperature in the superconductor. 4 2) The secondary circuit can absorb a substantial amount of the magnet stored energy during a quench. This reduces the hot spot temperature in the superconductor further.
3) Since the rate of flux decay is slower than the rate of superconducting coil current decay, the voltages in the magnet system during the quench are reduced over the same superconducting coil without a secondary circuit.
4) The shorted secondary circuit permits some unusual types of external active quench protection to be used (i.e., the varistor resistor or the center tap discharge systems 5 ).
5) The shorted secondary circuit causes the whole superconducting coil to become normal in a time which is smaller than would occur by ordinary normal region propagation within the cOil. 1 ,6 This phenomena is referred to as "quench back."
Before continuing our discussion of the shorted secondary circuit concept, it is useful to point out this concept was discussed in the 2 literature before the LBL experiments. Maddock and James? discussed the concept of a coupled secondary circuit and its usefulness in protecting cryostable magnets. The paper concluded that the shorted secondary circuit material would be better used if it were combined with the primary circuit. This conclusion is correct in cryostable magnets which are protected by an ordinary resistor, but it is believed that this conclusion does not hold in high current density magnets where quench back occurs. Maddock and James did not look at the varistor resistor quench protection system. The shorted secondary circuit improves the performance of the varistor resistor quench protection system whether or not quench back is present. 3 ,8 (All that is required is good coupling between the primary and secondary circuits.)
When LBL built its first thin superconducting test solenoid, the aluminum winding form was the shorted secondary circuit. The use of the aluminum bore tube as a secondary resulted in a lighter magnet.
The winding form was to cause the current in this superconducting coil to decrease more quickly during a quench and the winding form was to absorb a substantial portion of the magnet stored energy.9 Quench back was not discovered until the testing of these magnets.
of quench back was even lower hot spot temperatures.
The result
Quench back in superconducting magnets has two causes: 2 ,lO 1) normal regions are induced by heat transfer from other parts; we call this form of quench back "thermal quench back." 2) Normal regions can also be induced by A.C. losses in the superconductor due to changing magnetic fields; we call this form of quench back "magnetic 3 quench back". Thermal quench back has been the dominant form of quench back observed in the various LBL magnet tests. Magnetic quench back will not be discussed further; the theory for thermal quench back is developed here.
2.
A Theory for Thermal Quench Back in Thin Superconducting Solenoids
The theory for thermal quench back given here is restricted to
relatively thin solenoids which were tested by LBL. As a result, quench propagation through the thickness of the coil can be ignored.
Thermal quen~h back has two important time periods associated with it.
The first time period is the time in which the secondary circuit heats up to a temperature of around 10K. The first time period is defined as t Q • The second time period is the time for heat to flow from the secondary circuit to the superconductor. This time period is defined as tHo
At low currents in a superconducting coil, the first time period tQ (the time needed to transfer enough current to heat the secondary circuit) is the dominant one in the overall quench back time t QB • As the current density in the superconductor gets higher, the second time period tH becomes more important. In order to simplify the calculation of the quench back time tQB one can assume that;
The first time period tQ is a function the rate of growth of the normal region in the coil before quench back, and the shift of the (1 ) 4 current from the primary to the secondary circuit before quench back.
The second time period tH is a function of the thickness of the insulation between the secondary circuit and the superconducting coil and the thickness of the superconducting layer immediately adjacent to the secondary circuit.
a) The growth of the normal region in the coil before quench back.
Normal region growth starts out three dimensional. In thin superconducting solenoids the normal region growth quickly becomes two dimensional. The time for this transition is short so it is assumed that this time is zero. The two dimensional growth of the normal region in the superconducting coil continues until it becomes one dimensional or quench back occurs.
When quench propagation is two dimensional in a thin solenoid, the growth of the magnet resistance R(t) is; R(t) (2) when time t < t* where t* is the shorter of two times t1 or t2 which are defined as follows where Nl is the number of turns in the coil; PI is the resistivity of the matrix material of the super-conductor at a temperature just above critical temperature; r is the normal metal to superconductor ratios in the superconducting wire; £1 is the coil width; and Acl
is the cross sectional area of the superconductor (matrix material plus superconductor).
The quench propagation becomes one dimensional at t = t*. If t* = tl the growth of the magnet resistance takes the following form (3 ) If t* = t2 the growth of the magnet resistance takes the following form: where aI' R,I' PI' and AcI are previously defined. If Eq. (9) describes the resistance growth, t* = t2 then; again N 1 , PI' r, and AcI are previously defined.
Before leaving this study of normal region growth, it is useful to point but that Eqs. (2), (3), and (4) assume that once the coil has gone normal its resistance doesn't change. Early in the quench, before a significant portion of the magnet energy is dumped into the coils or the magnet secondary circuits this is close to being true.
The quench velocity along the wire V L is complicated to calculate. A theory for this calculation is given in Ref. (12) . The ratio of turn to turn to longitudinal quench velocity a in a coil with rectangular conductors can be expressed approximately using the following expression, which is derived from equations given in Ref. (14) ;
[ f2 For thin superconducting coils with round conductors, the ratio of turn to turn to longitudinal normal region propagation velocity a takes the same form as Eq. (5b) except a is defined as the diameter of the round superconductor.
b) The shift of the current from the superconducting coil to the secondary circuit.
The superconducting coil closely coupled with a single secondary circuit is represented schematically in Fig. 2 . The electrical behavior of the coupled circuit can be represented by a pair of coupled differential equations (6) with i1 = iO and i2 = 0 at t = O.
-"
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When the coupling between the two circuits is good the solution to the coupled equations takes the following form (7) where '1' '2' 'L' 's' are defined as follows Ll '1 =r 1
where Ll is the inductance of the primary circuit (the superconducting coil); L2 is the inductance of the secondary circuit; Rl is the resistance of the primary circuit given in Eqs. (2), (3), and (4); R2
is the resistance of the secondary circuit; and M12 is the mutual inductance between the two circuits. This theory assumes that L 1 , L 2 , M 12 , and R2 are constant before quench back occurs. 10 i1 and i2 can be calculated directly from Eq. (7), or when T is small and when it is early in the quench before much energy has s been absorbed by the coil or the secondaries a simplified form can be used;
where io is the starting current; N1 is the number of turns in the superconducting coil; N2 is the number of turn in the secondary circuit; and T1 and T2 are defined by (7a) and (7b).
c) The time required for the secondary circuit to reach quench back temperature.
Using an adiabatic theory15 which assumes no heat transfer out * of the secondary circuit one can define a function F2 which is a function of the integral of current density in the secondary circuit squared with time
11 where TQ C 2 (T) H 2 (T Q )
:::
where i2 is defined by Eq. 7; Ac2 is the cross-sectional area of the secondary circuit; H2 is the enthalpy per unit volume of the material in the secondary circuit at temperature TQ and To (Note
(9c) H2 = Oat OK) P2 is the electrical resistivity of the secondary circuit material; (Note P2 has a constant value from 0 to 15 K); To is the starting temperature (say 4.5 K); TQ is the temperature of the secondary circuit needed to induce quench back (about 10 K for niobium-titanium magnets) and tQ is the time needed to heat the secondary circuit from To to T Q • Using Eqs. (8) and (9) (close coupling is assumed and not much energy is lost by resistive heating) one gets the following form for the heating of the secondary circuit to the quench back temperature TQ tQ
where T 1 , T 2 , N 1 , N 2 , and io have been previously defined from Eq. (8) and Ac2 is defined by Eq. (9c).
The value of T1 in Eq. (10) can be found using the following relationships:
when 0 < t < t* and Ro2 is defined by Eq. "(2c).
when t* ~ t ~ t**, t* = tl and Ro1 is defined by Eq. (3a).
(lla)
when t* ~ t ~ t**, t* = t2 and Ro1 is defined by Eq. (4a). Note t** is defined as the longer of the two times t1 and t 2 . (The coil is completely normal when t > t**; quench back can't occur.) Table 1 shows the enthalpy as a function of temperature from 4.5 to 15 K. This table can be used to calculate the value of ~H2 given in Eq. (10) . The resistivity of the superconductor matrix material PI and the secondary circuit material P2 is a function of the material, its purity, and the magnetic field it is in. Table 2 shows the 15 K resistivity of various coppers and aluminum at 0.0 T and 1.0 T. 2) The velocity of quench propagation along the wire does not change with time. Quench velocity is determined by J o '
3) The energy dissipated in the coil and its secondaries is small compared to the total magnetic energy stored in the coil before quench back.
4) The coupling is good so that tQB is large compared to TS' Equations (12), (13) and (14) apply to most thin solenoid
superconducting magnets. Other cases are discussed in some detail in Ref. 18 .
d) The time required to transfer heat from the secondary circuit to the superconductor.
The second term in Eq. (1) The magnets, which were approximately half a meter long, were built with two layers of 1.0 mm diameter superconductor wound on an 1100-0 aluminum bobbin which forms the shorted secondary circuit. Figure 3 shows one of the one meter diameter test solenoids. Figure 4 shows a cross-section of the thin solenoid coil. Table 5 Conductor cross-section area Ac1 (m 2 ) 7.85x10-7 7.85x10-7
l f superconductor, the quench back temperature of the bobbin TQ was assumed to be 10K. The initial starting temperature To is assumed to be 4.5K. 6H 2 can be found for the 1100-0 aluminum using Table 1 .
Since the 1100-0 aluminum in the bobbin has a measured resistivity of 1.8xl0-9 ohm m, the value of F2 * used in Eq. (13) Table 6 shows the value of J o (the starting current density in the superconductor; In order to calculate the various values given in Tables 6 and 7 the fo 11 owi ng constants are given (see Table 5 L2 and R2 can be found in Table 5 .
The values of V L used in Table 6 and in Eq. (13) can come from The quench velocity data given in Fig. 8 shows agreement with the theoretical curve given in Fig. 1 .12 Table 7 compares the calculated quench back time tQB using Eq.
(13) and Eq. (15) with measured quench back time in the A and B thin ,. Fig. 9 and Table 7 , the quenches were induced at the end of the coil. This assumption also applies for the· theoretical value of Ro1 given in Table 6 .)
From Table 7 and Fig. 7 , it is clear that for a given starting current density J o ' the quench back time is longer for the A magnet than for the B magnet. Both Ro1 and a are greater for the B magnet.
The increased value of Ro1 reflects the lower copper to super conductor ratio r and a larger superconductor matrix resistivity Pl.
The larger value of a is due to the increased value of PI alone.
Both the A and B thin solenoids were quenched without external quench protection even though the current density in the overall superconductor cross-section was as high as 1.17x10 9 Am-2 • Quench back from the secondary circuit (the bobbin) contributed to the successful testing of these solenoids. There are theoretical arguments that suggest the quench back process can be controlled so that large high current density coils can be quenched safely without external quench protection. This will be discussed in a future paper. Reference to a company or product name does not imply approval or recommendation of the product by the University of California or the U.S. Department of Energy to the exclusion of others that may be suitable.
